Introduction
The mammalian olfactory system can sense and discriminate among a very large number of odorants. The perception of an odor is a complex process involving the initial events of odorant recognition in the nasal epithelium and neuronal processing in both the olfactory bulb and in the brain (see Kauer, 1991, and Shepherd, 1994, for reviews (Amoore, 1967) . At least eight specific anosmias have been described in humans (Amoore, 1991; Patterson and Lauder, 1948; Wysocki and Kare, 1991) and three in mice (Pourtier and Sicard, 1989; Price, 1977; Wang et al., 1993; Wysocki et al., 1977) , but specific anosmias have not been described for many other compounds. It has been suggested that specific anosmia or "smell blindness"
in the olfactory system is analogous to color blindness in vision. et al., 1994; Buck and Axel, 1991; Levy et al., 1991; Ngai et al., 1993b et al., 1994; Koshimoto et al., 1994; Nef et al., 1992; Ngai et al., 1993a; Ressler et al., 1993; Strotmann et al., 1992 Strotmann et al., , 1994 over regions of several hundred kilobases with the most highly homologous receptors tightly linked in the genome (Ben-Arie et al., 1994 ; R. R. R., unpublished data). Unequal crossing over among the highly homologous receptors within a cluster during gametogenesis would result in the formation of new hybrid receptors, the deletion of receptor genes, or both. Mutations of this type could cause the specific anosmia phenotype in the same way that these types of mutations cause red/green color blindness in humans (Nathans et al., 1986a (Nathans et al., , 1986b .
We have used a genetic approach to identify the origin of the specific anosmia to isovaleric acid in C57BU6J mice. We report here that the specific anosmia phenotype is recessive. The ability to detect isovaleric acid is a behavior that results from the contribution of several loci, one on the distal portion of mouse chromosome 4 and a second on the distal tip of chromosome 6. The ultimate identification of the genes responsible for the phenotypic difference in these mice will provide a better understanding of olfactory signal transduction and the mechanism of odorant discrimination.
Results
Behavior Assay for Specific Anosmia Conditioned avoidance behavior assays that test the ability of animals to detect odorants (Pourtier and Sicard, 1989; Wysocki et al., 1977) have been developed and validated with electrophysiological studies (Wang et al., 1993) . The availability of inbred strains of mice segregating a specific anosmia allowed us to test multiple genetically identical subjects, a clear advantage over human studies. Wysocki et al. (1977) described a behavior assay that used conditioned avoidance, where the mice that can smell the compound associate the smell with an aversive stimulus. These mice avoid the test odorant when exposed to the compound at a later time. Only male mice were tested in this assay, since the ability of female mice to smell varies with their estrous cycle. Measurement of preference ratio (volume of odorant solution consumed/total solution consumed) as determined in this two-bottle preference assay has been shown to assess olfactory function rather than taste (Pourtier and Sicard, 1989; Wysocki et al., 1977) . In this behavior assay, C57BL16J and DBAIPJ mice showed adifference in their abilityto detect isovaleric acid: at 10m5 and 10m6 M isovaleric acid, DBA12J mice detect the compound, while C57BL16J mice were anosmic (Figure 1A) . At higher concentrations of odorant, both strains of mice detected the isovaleric acid. Omission of the aversive stimulus showed that the mice have no innate preference or aversion for isovaleric acid ( Figure 1A ).
Both strains of mice detected another odorant equally well. We tested 40 mice for their ability to detect pentadecalactone. At 10m3 M pentadecalactone, both C57BL16J and DBA/2J mice were osmic, while both strains of mice were anosmic at 10e4 M and 1O-5 M pentadecalactone ( Figure 1B) . Omission of the aversive stimulus showed that the mice had no natural preference for or against pentadecalactone. Wysocki and colleagues had previously shown that C57BL16J and AKR/J mice were equally capable of detecting isoamyl acetate (Wysocki et al., 1977) . The inability to detect one compound while retaining the ability to detect several other unrelated odors is consistent We tested 13 BXD strains (four or more animals per strain) for their ability to detect isovaleric acid at the dlscrlminatory concentration of 1O-6 M. Each closed circle represents the preference ratio of a single mouse, and the bars represent the average of the preference ratios in the respective category. Figure  4 ) (Manly and Elliott, 1991; Manly, 1993 The osmic phenotypes of all male mice that were recombinant on either the chromosome 4 (37 males of 83 mice) or chromosome 8 (53 males of 100 mice) regions were determined.
The genotypes are shown for those mice that contain only C57BU6J alleles at the other locus of interest. The loci typed in this study are listed on the left and arranged to minimize recombination events. (Lee et al., 1987; Pevsner et al., 1988a Pevsner et al., , 1988b Pevsner et al., , 1990 . Two OBPs exist in the rat, and the mouse homolog of one of these maps to the X chromosome (I. C. G., unpublished data). et al., 1994) . lval and lva2 map more than 10 CM from a group of genes that contribute to gustatory processes (Belknap et al., 1992; Capeless et al., 1992; Lush, 1989; Lush and Holland, 1988 
Experimental Procedures
Mouse Strains The C57BU6J, DBAfZJ, and all BXD mice were purchased from the Jackson Laboratories (Bar Harbor, ME). The Fi hybrid and N2 backcross animals were generated in the laboratory. Backcross progeny were generated by crossing the Fi progeny to C57BL16J mice.
Behavior Assay for lsovaleric Acid Anosmia A conditioned avoidance assay similar to that described by Wysocki et al. (1977) was used. Only male mice were tested in this assay, since the ability of female mice to smell varies with their estrous cycle. Male mice were housed individually in standard plastic cages with metal lids and tested at 40-90 days of age. All solutions were prepared with distilled water. The isovaleric acid was diluted into a buffered solution containing 2.1 x 1O-2 M sodium saccharin and 10m3 M phthalic acid. lsovaleric acid solutions were diluted from a 99% isovaleric acid stock (Aldrich, Milwaukee, WI). Prior to use, all solutions were adjusted to pH 4.8 (pK for isovaleric acid) through the addition of NaOH. Fresh buffer and dilutions were prepared for each experiment.
Drinking fluids were available through stainless steel sipper tubes and stoppers attached to new 50 ml plastic tubes for each experiment.
The mice were placed on a schedule of restricted fluid access to the saccharine-phthalic acid solution for 1 hr each day for 7 days to ensure that they would commence drinking when the tube was placed in their cage. On day 8, the mice were given access to the isovaleric acid test solution for 10 min. Immediately following this exposure, each mouse was removed from its cage, injected intraperitoneally (15 pi/g body of 0.6 M LICI) to induce aversive behavior, and returned to a clean cage. After 24 hr, the mice were provided with ad libitum access lo two drinking tubes, one containing the control saccharine-phthalic acid solution and the other containing the same solution plusthe isovaleric acid. Every 24 hr, the amount of fluid consumed was determined by weighing each bottle, and the positions of the bottles on the cage were reversed.
A preference ratio was calculated as the amount of isovaleric acid solution consumed divided by the total amount of liquid consumed for each animal over the 48 hr test period. The mice were also tested for innate response to isovaleric acid by omission of the LiCl aversive conditioning prior to the two-bottle preference test.
Behavior Assay for Pentadecalactone Anosmia We examined 41 mice, previously tested for isovaleric acid detection, for their ability to detect pentadecalactone.
Three concentrations of pentadecalactone were prepared by dilution of a stock solution of pentadecalactone into 2.1 x 10m2 M sodium saccharin. The stock solution of 1.4 ppm (w/v) was prepared by stirring 1.4 mg of pentadecalactone (Aldrich, Milwaukee, WI) in 1000 ml of distilled water at 42°C. The concentrations chosen were 10d3, 10m4, and 10m5 relative to 1 .l ppm (w/v) pentadecalactone, as described by Wysocki et al. (1977) . Three to four mice of each strain were conditioned with each of the three concentrationsof pentadecalactone.
The testing procedurewasotherwise identical to that followed for isovaleric acid. oligonucleotide, and 0.5 U of Taq polymerase(Boehringer Mannheim). The PCR protocol was a single denaturation at 94°C for 3 min, followed by 32 cycles Of 94OC for 1 min, 58% for 2 min, and 72OC for 2 min. After a final extension of 72°C for 7 min, reactions were cooled to 4%.
The PCR products were resolved on a 3% Metaphor gel (FMC, Rockland, ME). The products observed are as described (Dietrich et al., 1994; Whitehead Institute-MITCenterforGenome Research, July 1994, Genetic Map of the Mouse, Data Release 7). Amplification of products from the following sets of primer pairs were multiplexed in PCR reactions: D6MIJ61-D6MIJl5, D6MIJl37-D6MIJl98, D6MIJ201-D6MIJ25, D4MIJl46-D4MIJ64, D4MIJ249-D4MIJ204, D4MIJl6-D4MIJ203, D4MIJl2-D4MIJ308, D4MIJl56-D4MIJ279, D4MIJ52-D4MIT57, D4MIT248-D4MIT278, and D4MITl47-D4MITl24.
SSCP Analysis A pair of primers (CAGCCTTGATAGGCTTTCGG and CCTGGAGAC-CCTCTGAAAGG) were used to amplify a polymorphic region of the Ick gene (Beier, 1992) . The PCR mixture was diluted 1:5 in United States Biochemical stop solution, denatured for 5 min at lOO"C, and transferred to an ice bucket. A 2 PI sample was loaded on a 6% nondenaturing polyacrylamide gel containing 10% glycerol and 0.5x TBE and electrophoresed at 6 W at room temperature for 16 hr. The gel was transferred to filter paper, dried, and autoradiographed with an intensifying screen overnight.
Mapping of Iva Genes
Linkage analysis was performed with Map Manager (Manly and Elliott, 1991; Manly, 1993) .
